Very little is known about the quality and quantity of toxicants yielded by the narghile, a subject of increasing importance as this method of tobacco smoking has become popular all over the world. This study is concerned with the identification and quantification of volatile aldehydes in the gas and particle phases of mainstream narghile smoke generated using a popular type of flavored ma'ssel tobacco mixture. These compounds were analyzed based on a modified version of the Environmental Protection Agency compendium method TO-11A. Using a standardized smoking machine protocol consisting of 171 puffs, 2.6 s puff duration and 17 s inter puff interval, the average yields of formaldehyde, acetaldehyde, acrolein, propionaldehyde and methacrolein were 630, 2520, 892, 403, and 106 lg/smoking session, respectively.
Introduction
The popularity of the narghile waterpipe, also referred to as hookah, shisha or hubble-bubble (Chaaya et al., 2004; Maziak and Tabbah, 2005; Nuwayhid et al., 1998; Wolfram et al., 2003) has increased tremendously during the past few decades (Chaaya et al., 2004; Maziak et al., , 2004b Tamim et al., 2007 Tamim et al., , 2001 ) and has spread beyond the bounds of Arab countries to other parts of the world, including Europe and America (Smith-Simone et al., 2008; Ward et al., 2007) . It has been postulated that the appeal of this smoking method in part stems from its role as a way of socializing with other people and, contrary to cigarettes, is socially acceptable in the Eastern Mediterranean region, where it is common for parents to allow their sons and daughters to smoke narghile (Maziak et al., 2004a) . Even though waterpipe smoking likely exposes users to high levels of various toxicants (discussed below), and that the practice may be addictive , it is popularly perceived as less harmful and toxic than cigarette smoking because of the purported filtering effect of the water bubbler (Kandela, 2000; Smith-Simone et al., 2008; Ward et al., 2007) . Volatile aldehydes, especially formaldehyde, are associated with a significant number of cigarette smoking diseases including chronic pulmonary disorder and cancer (IARC, 2006; MFLOHC, 1994) . However, aldehydes have not been quantified for narghile smoke. This study is designed to identify and quantify aldehyde compounds in mainstream narghile smoke.
The structure of the narghile waterpipe is illustrated elsewhere (Maziak et al., 2004a; Shihadeh, 2003 Shihadeh, , 2004 ). An important feature distinguishing the narghile from the cigarette is the use of charcoal as a heating source in the former. Thus waterpipe smoke contains products of charcoal combustion in addition to those originating from the sweetened tobacco mixture. Despite the difference in structure between narghile and cigarettes, which include the difference in burning temperature, they both involve the consumption of tobacco. Therefore, it is expected that some of the chemical compounds identified in cigarette smoke would also be found in the smoke of a narghile, albeit at different concentrations due to the differences between the two smoking methods. While very few studies have been conducted on the chemical composition of narghile smoke, what has been found thus far suggests that this smoking method poses significant health hazards. It was found that the mainstream smoke of a single narghile smoking session contains many times the CO and nicotine found in the mainstream smoke of a single cigarette (Shihadeh and Saleh, 2005) . Moreover, a single narghile smoking session yields 20 times the amount of carcinogenic polycyclic aromatic hydrocarbons (PAH) found in mainstream cigarette (Sepetdjian et al., 2008) .
Aldehydes have been established as a major group of compounds emitted from cigarettes (i.e. consumption of tobacco) (Baker, 2006a; Borgerding et al., 1997; Chepiga et al., 2000; Dong and Moldoveanu, 2004; Fujioka and Shibamoto, 2006; Hatzinikolaou et al., 2006; Rustemeier et al., 2002; Stabbert et al., 2003) . In their review on the chemical composition of mainstream cigarette smoke, Hoffmann et al. (2001) show that the amounts of formaldehyde, acetaldehyde and acrolein, which are primarily found in the gas phase, vary within the ranges 20-100, 400-1400 and 60-240 lg/cigarette, respectively (Hoffmann et al., 2001 ).
Other studies show that the addition of sugars and flavors to cigarette tobacco results in an increase (up to 60%) in the amounts of aldehyde compounds produced (Baker, 2006a) , and in altering the chemical composition of the smoke (Baker, 2006a) .
The importance of assessing aldehyde compounds in narghile smoke lies in the fact that these compounds are known to be toxic, carcinogenic and hazardous. Formaldehyde, for example, is classified as a group 1 carcinogen by the International Agency for Research on Cancer (IARC), causing sinonasal and nasopharyngeal cancer as well as leukemia (IARC, 2006) . It is also suggested to cause irritation in the upper respiratory tract (Stabbert et al., 2003) . Acetaldehyde, another volatile aldehyde present in tobacco smoke, is known as a nasal carcinogen in rodents (Stabbert et al., 2003) . As for acrolein, it affects the function of the immune system, particularly T-cells, by inhibiting cytokine gene expression (Lambert et al., 2007) . Furthermore, volatile aldehydes in tobacco smoke, particularly formaldehyde and acetaldehyde, are considered ''minor" contributors to the occurrence of lung cancer in smokers, and ''major" contributors to chronic obstructive pulmonary diseases (COPD) (Hoffmann et al., 1997) .
This study identifies and quantifies major aldehyde compounds in the gas and particle phases of mainstream narghile smoke, and assesses their partitioning between the two phases.
Materials and methods

Materials and reagents
H30 Lp-DNPH SPE cartridges, the mixture of standard carbonyl compounds (Carb Method DNPH Mix 1) and a reverse phase C-18 Discovery high performance liquid chromatography (HPLC) column were obtained from Supelco. HPLC grade acetonitrile (ACN), CAS registry number 75-05-8, and Tetrahydrofuran, CAS registry number 109-99-9, were obtained from Acros. Powdered 2,4-dinitrophenyl hydrazine (DNPH), CAS registry number 119-26-6, was provided by Merck. Tobacco mixture with the brand name Nakhla Tobacco (Egypt) ''two apples" flavor was obtained from local retail outlets, as were the Three Kings (Holland) brand quick-light charcoal disks used in this study.
Sampling of aldehyde compounds in the gas and particle phases of narghile smoke
Preparation of the narghile and all other aspects of the machine smoking regimen were identical to those presented in Shihadeh and Saleh (2005) . Intrinsic air infiltration rate through the permeable leather hose used in this study was measured as specified in Saleh and Shihadeh (2007) , and found to be 2.2 L/min at a waterpipe flow rate of 12.2 L/min; this infiltration rate was monitored throughout the study and found to be invariable. Because hose infiltration was found to be an important determinant of toxicant yields, it is recommended that it be routinely specified in any toxicant yield measurement with the narghile (Saleh and Shihadeh, 2007) .
For the purpose of direct comparison between the amounts of aldehyde compounds found in the gas and particle phases of narghile smoke, both phases were sampled and assessed simultaneously during each full smoking session (171 puffs, 2.6 s puff duration, 17 s inter puff interval and 12.2 L/min total flow rate). A schematic diagram of the sampling system employed in this study is illustrated in Fig. 1 .
The sampled mainstream smoke was split into two parallel streams, each flowing at 0.72 L/min as shown in Fig. 1 . One stream was used to trap only the gas phase aldehydes, while the other was used to trap both gas and particle phase aldehydes. The proportion of gas phase to total aldehydes was computed as the ratio of the aldehydes trapped in the two streams. Small fractions of the smoke were sampled, as shown in Fig. 1 , due to the limited capacity of the SPE cartridges employed (643 lg/cartridge). Sampling both phases was accomplished by collecting and derivatizing aldehyde compounds on two DNPH-coated 47 mm filter pads connected in series. The second DNPH-coated filter pad was used to ensure the derivatization of all aldehyde compounds in the sampled smoke, in case the capacity of the first DNPH-coated filter was exceeded. The two DNPH-coated filters were succeeded by a blank filter (non DNPH-coated) and an H-30 DNPH cartridge used for derivatizing any unreacted aldehyde compounds in the gas phase of the sampled smoke (Fig. 1) . Meanwhile, aldehyde compounds in the gas phase of the smoke were sampled on a single DNPH cartridge preceded by a blank filter pad used for trapping the particulate phase. The flow rates through each stream were measured before and after each run to ensure the consistency of the smoking system.
Filter preparation and extraction
Aldehyde compounds in the particle phase of mainstream smoke were collected and derivatized on DNPH-coated filter pads based on the method proposed by Dong and Moldoveanu (2004) for cigarette smoke. Glass fiber filter pads (47 mm, Pall Gelman Type A/E) were manually soaked in a freshly prepared DNPH solution. This 0.015 g/ml solution was prepared by dissolving 1.5 g of recrystallized DNPH in 100 ml of acetonitrile containing 200 ll of 70% percholric acid. The acid plays a role in promoting the derivatization reaction (Dong and Moldoveanu, 2004) . Filter pads soaked in this solution were then dried and stored at 4°C for a maximum of three days prior to sampling. Following sample collection, filters were extracted by sonication in 10 ml of the extraction solution (2% pyridine, 98% ACN). The extracted solution was then filtered and delivered into ambered HPLC vials. The extraction efficiency of the filters was calculated using various sonication and drying times. The results showed that the optimal drying time is 30 min under vacuum, and that the most efficient extraction is achieved upon 10 min sonication.
Aldehydes in the gas phase of the smoke were sampled on H-30 SPE cartridges (Lp-DNPH, SupelcoÓ). After collection, these cartridges were eluted with 10 ml of ACN, filtered, and delivered into ambered vials for HPLC analysis.
It should be noted that both filters and cartridges were wrapped tightly with aluminum foil and stored at low temperatures (4°C) after sampling, in order to inhibit thermal and photochemical decomposition of the sampled compounds. A maximum of three days was allowed between sample collection and analysis.
Chromatography
All prepared samples of standards and narghile smoke were analyzed using HPLC (Agilent 1100) equipped with a photodiode array detector at k = 360 nm, and at a flow rate of 1 ml/min. The analytes were identified upon comparing their HPLC retention times with those of the standards (Fig. 2) .
The analysis method was adopted from the California Air Resources Board (CARB) method (SOP MLD 022) as well as the Environmental Protection Agency (EPA) method (TO-11A) (EPA, 1999) , with some modifications in the time program of elution for better separation. Gradient elution on a reverse phase C-18 column Aldehyde compounds were identified based on their individual retention times as compared to the calibration standards. Their concentrations were determined using recovered standard calibration curves which accounted for any losses in the amounts of hydrazones during extraction. The filter pads were soaked with ACN, spiked with particular volumes of the standard solution, dried for 30 min under vacuum, and then extracted via sonication in 10 ml ACN. Four standard solutions ranging in concentration between 0.5 and 10 ppm were prepared using a 20 ppm Fig. 1 . Schematic diagram of the narghile sampling system and the connections made to sample small percentages of gas and gas + particle smoke.
commercial standard solution consisting of 13 standard aldehyde-DNPH compounds in the form of hydrazones. Recoveries ranged between 90% and 102%. In addition, three injections from each prepared standard concentration were performed in order to check the reproducibility of the HPLC system. The maximum relative standard deviation (% RSD) value obtained was 1.16%, indicating a high degree of repeatability in the HPLC system. Calibration curves were highly linear with R 2 values of 0.999, 0.998, 0.998, 0.998, and 0.999 for formaldehyde, acetaldehyde, acrolein, propionaldehyde and methacrolein, respectively. Blank cartridges were also analyzed in order to account for the background of the SPE cartridges. This background was later subtracted from the smoke sample chromatograms.
Results and discussion
Aldehyde yields for six repeated smoking sessions are summarized in Table 1 . To account for the inherent variability of the smoking method (see Shihadeh, 2003) , the results shown in Table  1 are normalized by the amount of tobacco mixture consumed in a given session.
The results show that among the aldehyde target compounds, only formaldehyde is found in significant proportions in the particle phase of the smoke. This may be attributed to the higher solubility of formaldehyde in water as compared to the other aldehyde compounds, in light of the fact that the narghile aerosol particles are rich in water (circa 40% water by mass; see Shihadeh, 2003 ). Henry's constant is reported to be 3000 mol/Latm for formaldehyde, whereas that of acetaldehyde is 11.4 mol/Latm (Finlayson-Pitts and Pitts, 2000) . Hence, the gas-particle partitioning coefficient (K p ) of formaldehyde, defined as (Jang et al., 1997a,b) :
where F and A are the concentrations of a particular compound in the particle and gas phases, respectively (ng/m 3 ), and TSP is the concentration of total suspended particulate matter (lg/m 3 ) (Jang et al., 1997a,b) , is determined to be K p = 3.3 Â 10 À8 m 3 lg
À1
(logK p = À7.49). This figure is compared to the aqueous/gas partitioning constant of formaldehyde, which is calculated under the assumption that the mainstream TSP emitted from a narghile is purely aqueous. Therefore,
where show that a single narghile smoking session yields in the mainstream smoke the equivalent of 17 cigarettes in formaldehyde, and five cigarettes in acetaldehyde, when compared to cigarettes with added sugar (Baker, 2006a) . Such high amounts may pose substantial health risks, considering that approximately 90% of the aldehydes in both gas and particle phases of cigarette smoke are deposited in the lungs after inhalation (Baker, 2006b ). The deposition percentage varies from one person to another, depending on many variables including particle diameter and growth, depth of inhalation, hold time in the lungs, puff volume and exhalation volume (Baker, 2006b; Bernstein, 2004) .
Conclusion
Several conclusions may be drawn from the obtained results. First, the identified aldehyde compounds are found exclusively in the gas phase of narghile smoke, except for formaldehyde. Approximately 40% of the amount of formaldehyde found in mainstream narghile smoke is in the particulate phase. This could be explained by the high solubility of formaldehyde in the water-rich aerosol of mainstream narghile smoke, in contrast to the other identified species. The partitioning constant for formaldehyde was determined to be K p = 3.3 Â 10 À8 lg/m 3 . Second, one narghile smoking session yields many times the formaldehyde, acetaldehyde and acrolein typically found in a cigarette, raising concern that narghile smoking may lead to many of the respiratory system ailments associated with cigarette smoking.
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